Oxide films form readily when aluminum alloy castings are melted and/or poured. They could be primary or secondary types of oxide films. The former type is inherited from the ingot and has existed in aluminum alloy casting for a long period of time. During the filling of the mold cavity, the free unstable surface of the molten metal causes a secondary oxide film to exist on the aluminum alloy castings. The oxide films are usually rich in oxygen and are difficult to observe by optical micrographs. This paper presents a simple but powerful method to observe the shape and size of oxide films on the aluminum matrix. During ultrasonic-vibration treatment, cavitation bubbles nucleated, grew and collapsed, generating micro-jets on the surface of sample. The water micro-jets then had an impact on the oxide film initiating micro-cracks. The cracks grew or became linked together which caused fractures in the oxide film. Small or tiny oxide particles detached from the oxide film to erode the surface of the treated sample. This eroded surface would show as a foggy mark via visual or optical observation. A series of photographs were made and are shown to illustrate the cavitation erosion process of oxide film on the surface of an aluminum sample. In addition, the presented method was shown to be useful in the diagnosis of oxide films that formed on aluminum and magnesium alloys, including the ingots, casting or wrought products.
Introduction
In an ultrasonic cleaner a piezoelectric transducer generates ultrasound which propagates through a liquid via mechanical vibration. This ultrasound is a periodic sound wave, which consists of cycles of compression and expansion. If the acoustic pressure is great enough for the liquid to attain tension force during the negative ultrasound cycles, the liquid molecules can be pulled away from one another, forming micro-bubbles or cavitation bubbles. 1) During the positive ultrasound cycles, the cavitation bubbles will collapse, forming micro-jets that instantaneously generate intense local heating and high pressure. The negative pressure needed to nucleate a cavitation bubble is dependent on the type and purity of the liquid, and is affected by the tensile strength of that liquid. In fact, a cavitation bubble that nucleates in water has significantly less than the theoretical nucleation value, due to inhomogeneities in the water that serve as preferential sites for liquid rupturing.
2) Particles in the liquid or crevices on a container wall can serve as nucleation sites where cavitation bubbles form.
3) When a cavitation bubble collapses, a micro-jet forms and impacts on the subject or container wall. The micro-jet impact can develop pressures of about 2 Â 10 8 Pa, and a local heating and cooling rate above 10 9 K/s. 4) In fact, cavitation damage is generated by the non-spherical symmetric collapse of a cavitation bubble, either at or near a solid surface.
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Suslick 8) stated that the asymmetric implosion of a bubble will expel a jet with a speed of roughly 400 km/h. The microjet associated with the shock waves that develop in the liquid functions as a local erosion force or a cleaning action on the surface of specimen. The cavitation bubbles produced impact energy on the subject material and this energy could either be absorbed or dissipated by the subject or reflected as shock waves in the liquid. The material subject to this impact energy could show elastic deformation, plastic deformation, or even fracturing. Tomlinson et al. 9) demonstrated that pure alumina showed intergranular mode fractures due to cavitation erosion.
When aluminum alloys are melted or poured, an amorphous Al 2 O 3 film will form within millisecond, whenever a fresh molten aluminum surface is exposed to an oxygen atmosphere. This amorphous Al 2 O 3 film will then crystallize, if sufficient time and temperature are offered. The oxide film can serve as a nucleation site where pores can form in cast aluminum alloys, which significantly affects the mechanical properties of cast aluminum alloys. Nyahumwa et al. 10) have studied the effects of mold filling turbulence on the fatigue properties of cast aluminum alloys. They observed that a fatigue crack is initiated at the oxide film. This study offers a series of photographs associated with schematic illustrations that describe the cavitation erosion of oxide film on the polished surface of aluminum samples. In addition, the application of this theory to the diagnose of oxide films on aluminum and magnesium alloys is discussed. The factors influencing the intensity of ultrasound and the impulsive pressures of the micro-jet are also discussed.
Experimental Procedures
An induction furnace was used to melt 20-25 kg of aluminum alloys in a SiC-graphite-clay crucible. After a degassing treatment, the molten aluminum was held at 993 K for 600 s and then poured into a chilled copper mold to get chilled samples 10 mm in thickness and 50 mm in diameter. The chilled samples were ground and prepared for chemical spectrometer analysis. They were then polished again for ultrasonic-vibration treatment. The experimental setup used to produce cavitation erosion in the sample is shown in Fig. 1 . The ultrasonic cleaner was equipped with a stainless steel container, and was operated at a frequency of 46 kHz with an acoustic power of 80 W. The initial ultrasound intensity was about 40 kw/m 2 . In the experiments, several liquids were used to investigate the effects of the liquids on the nucleation of cavitation bubbles and on the ultrasonic intensities. These included pure water, tap water, ethanol, ethylene glycol, tetrachloroethylene and acetone. Aluminum foil was used for sample treatment to identify cavitation damage. Before treatment, a beaker was filled with 500-600 mL of liquid. A circular piece of aluminum foil, 50 mm in diameter and 0.015 mm in thickness, was fixed by two aluminum rings (Fig. 1) , and was set 5 mm from the bottom of the beaker. After a period of ultrasonic treatment, this aluminum foil was removed to observe its damage pattern.
To observe the sequential development of cavitation bubbles, an ultrasonic cleaner was cut into one side of the wall and sealed with a piece of glass. This served as a window for observing and recording the sequence of cavitation bubble formation. A high-speed digital camera with a top shutter speed of 1/16000 s and flash synchronization of up to 1/500 s, with a flash as a light source, was used to catch the progressive development of cavitation bubbles as well as the eroded surface of sample. A PZT hydrophone was used with a Fast Fourier Transfer (FFT) analyzer to measure the ultrasonic intensity or acoustic pressure in real time during the ultrasonic-vibration treatment. The hydrophone was located 2 mm from the aluminum sample, to measure the acoustic pressure response of the liquid.
In the experiments, a polished specimen was immersed into the liquid face-up on the bottom of the beaker. When tap water was used as the treatment liquid, the samples were treated for 5 s and 300 s to show micro-cracks and damage marks, respectively. After an ultrasonic-vibration treatment, the polished surface of the specimens clearly showed white marks, script, spots or clouding. These white marks (or foggy marks) increased in extent with an increase in the treatment time. The samples were then removed and their morphology observed by scanning electronic microscopy (SEM) and the oxygen concentration distribution was analyzed by using an electron probe micro-analyzer (EPMA).
Results and Discussion

Acoustic cavitation nucleation in the liquids
In general, a commercial grade ultrasonic cleaner can only produce about 5 Â 10 6 Pa of negative pressure at the boundary of the vessel and the liquid. Therefore, it is very difficult to experimentally produce cavitation bubbles if pure water is used, since the tensile strength of pure water is about 3 Â 10 7 Pa.
11) The minimum pressure in the liquid for growing a homogeneous cavitation-bubble can be determined by the following equation, 12) and is also illustrated in Fig. 2 .
P A is the acoustic pressure (Pa), P 0 is the ambient pressure (Pa), is the surface tension of the liquid (N/m), and R Ã is the initial radius of the cavitation bubble (mm). Equation (1) points out that the nucleation of a cavitation bubble is mainly dependent on the surface tension, or tensile strength, of the liquid, and a bubble can form at a site where a high acoustic pressure is exerted. Decreasing the surface tension of the liquid makes the liquid molecule more easily ruptured. This is beneficial for generating a cavitation bubble in the liquid.
The ultrasound intensity which is necessary to nucleate a cavitation bubble, is proportional to the acoustic pressure; it should be large enough to overcome the ambient pressure and the surface tension of the liquid. The number of cavitation bubbles will increase when the ultrasound intensity or acoustic pressure increases. The ultrasound acoustic pressure was measured by using different liquids in this study. The measured acoustic pressures, (P A À P 0 ), for pure water, ethylene glycol, tetrachloroethylene, ethanol and acetone, are shown in Fig. 3 . Among the liquids studied, tap water developed the lowest mean cavitation bubble radius, as seen in Table 1 . When a liquid has a large surface tension and a small bubble radius, the pressure difference between the inside and outside of the imploding bubble becomes large; it can develop a great impulse pressure for collapsing a bubble and for generating a large micro-jet impact, such as in the case of tap water. Figure 4 clearly shows a cavitation bubble, along with the micro-jet impact on the treated sample surface. 13) Of the different liquids studied, a water micro-jet developed the highest impulse pressure, which led to the aluminum foil being seriously damaged. For the other liquids, few or no damage marks were found on the surface of the aluminum foils after ultrasonical treatment for 5 s, as shown in Figs. 
5(a)-(e).
Tap water and pure water were dropped on the surface of an aluminum holder and the whole holder dried out in the oven, then coated with gold for SEM observation. EDAX analysis on the residue obtained after drying water revealed that tap water contains 10-25 mm diameter calcium carbonate particles, and pure water contains almost no particles. The particles in tap water functioned as nucleation sites for the generation of cavitation bubbles.
Figures 6(a) and (b) show optical observations of the surfaces of aluminum foils after ultrasonic treatment for 5 s. The aluminum foil was seriously damaged when tap water was used as the treatment liquid. Figure 6 (c) shows SEM observations of the surface of the aluminum foil that correspond to Fig. 6(b) . All the cavities are rounded, and two cavities have even fractured. The diameter of the cavities is almost equal to the diameter of a micro-jet ranging from 50 to 70 mm. In addition, all the cavities are surrounded by shining layers, possibly due to plastic deformation. The measured acoustic pressure, P A À P 0 , varied significantly when pure water and tap water were used during the ultrasonic-vibration treatment, (Fig. 7) . Pure water generated a larger ultrasonic intensity than did tap water. In the experiments no or few bubbles, if any, were observed when pure water was used as the treatment liquid, since the tensile strength of pure water was so high that the ultrasound generators could not produce enough negative pressure to make cavitation bubbles. In addition, when tap water was used, the frequency spectrum indicated the existence of cavitation noise near the subharmonic frequency. This noise was caused by the impact of micro-jets and shock waves, as indicated at 'T' in Fig. 7 . When pure water was used as the treatment liquid, the frequency spectrum displays only the driving frequency and harmonic frequency associated with white noise, as pointed out at 'P' in Fig. 7 . This white noise was produced in response to the chaotic oscillation. The intensity of the white noise was far less than cavitation noise. Therefore, using pure water generated a more intense harmonic frequency than using tap water. In short, the use of tap water as the treatment liquid caused cavitation bubbles to nucleate from inhomogeneities such as particles. These bubbles collapsed and the subsequent shock waves produced cavitation noise. It was difficult to cause cavitation bubbles to Ã Mean radius of a bubble in a liquid as determined by the photograph taken with a high-speed digital camera with a top shutter speed of 1/ 16000 s and flash synchronization of up to 1/500 s, with a flash as a light source. For example, the mean bubble radius in ethylene glycol was calculated from the average radii of all bubbles in 5 photographs in which a total about 30 bubbles were counted. The following is one of the captured photographs.
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Solid 50 µm nucleate using pure water, therefore only chaotic oscillations (white noise) were produced and measured during the experiments.
Asymmetric bubble
3.2 Ultrasound acoustic pressure at the boundary between solid and liquid When ultrasound is incident at a perpendicular boundary, only the plane waves can be propagated at right angles to the boundary. The wave passing through the boundary is called a transmitted wave, and a reflected wave appears opposite the incident wave. Their acoustic pressures can be calculated from the acoustic impedance and the intensity of the acoustic power as follows:
where I is the intensity of the acoustic power or ultrasound intensity (w/m 2 ); P is the acoustic pressure (Pa); Z, and c are the acoustic impedance (kg/m 2 Ás), density (kg/m 3 ) and acoustic velocity (m/s) of the materials, respectively. The coefficients of reflection (r) and transmission (D) can be given as
where Z s and Z l are the acoustic impedances of the solid and liquid, respectively. The acoustic impedances of water, Al and Al 2 O 3 are 1:48 Â 10 6 , 17:06 Â 10 6 and 40:85 Â 10 6 (kg/ m 2 Ás), respectively. When an ultrasound travels from the water to the aluminum specimen, the reflection coefficient r and transmission coefficient D at the boundary of water/ aluminum and water/oxide films can be obtained from eq. (3). The calculated results are illustrated in Fig. 8(a) . If the boundary between water and aluminum, r ¼ 0:83 and D ¼ 1:83 is considered, the P Al ¼ 1:83P w , and for water and oxide film, r ¼ 0:93 and D ¼ 1:93, thus P Al 2 O 3 ¼ 1:93P w , where P Al is the acoustic pressure on the surface of the aluminum, P Al 2 O 3 is the acoustic pressure on the surface of the oxide film, and P w is the acoustic pressure of the ultrasound in the water. Apparently, the measured acoustic pressure intensified at the oxide film sites, as shown in Fig.  8(b) .
Damage marks produced by water micro-jet im-
pacts Oxide film (alumina) has a high elastic modulus and thus a poor capability for resisting micro-jet impact loading. Therefore, when the surface of a chilled sample is subjected to a water micro-jet impact, a micro-crack first occurs at the oxide film site. The crack grows or is linked together leading to fractures in the oxide film. Small oxide particles become detached from the oxide film, eventually eroding the surface of the treated sample. The erosion of the oxide film shows as a foggy mark, and can be visible optically.
Figures 9(a) and (b) shows an oxide film on the polished Fig. 7 Acoustic pressures measured by a hydrophone and an acquisition system when pure water and tap water were used as the treatment liquids. Diagnosis of Oxide Films by Cavitation Micro-Jet Impactsurface of an aluminum specimen after ultrasonic-vibration treatment for 5 s. The fractured area is rich in oxygen content along with micro-cracks. In the experiments, the polished surface of the specimen would gradually show white marks, script, spots or clouding, during ultrasonic-vibration treatment. These white marks (or foggy marks) increased in extent with the increase of treatment time. Figure 10 (a) shows obvious foggy marks or strips on the polished surface of a chilled aluminum sample after ultrasonic-vibration treatment for 300 s in tap water. No foggy mark was generated if pure water or other liquids were used as the treatment liquid. Actually, the foggy marks indicated eroded areas. Figure 10(b) illustrates the rough or eroded surface of an ultrasonically treated sample of pure aluminum. The cracking of the oxide film led to the detachment of particles from the matrix which produced a rough or eroded surface. The crack sites provided strong potent sites for the nucleation of cavitation bubbles which formed cavitation clouds. These clouds could develop streamer patterns in the experiments, as shown in Fig. 11 . Figure 12 illustrates the sequential development of particles that detached from the aluminum matrix during ultrasonic-vibration treatment. As explained previously, an oxide film on the surface of a specimen would exert the largest amount of acoustic pressure when the aluminum specimen was subjected to ultrasonic-vibration treatment in tap water. The largest acoustic pressure produced nucleation and cavitation bubble formation near the site in the oxide Fig. 13(a) . Increasing the treating time increased the extent of the oxide film fracturing and some areas formed eroded to form cavities, as seen in Fig. 13(b) . Micro-cracks could then be linked together, which encouraged the generation of clusters of cavitation bubbles and eroded the oxide film, as seen in Fig. 13(c) . Bubble clouds intensified the impact of the micro-jets and shock waves also are formed streamer patterns, see Fig. 13 (d) as well as Fig. 11 . In the end, the polished aluminum surface showed differently shaped foggy marks.
Application
Aluminum and magnesium are reactive metals and can easily form oxide films during the melting or pouring process, which may be found on the ingot, and on casting or wrought materials. The presented ultrasonic-vibration treatment can be applied to show oxide films on the polished surface of aluminum and magnesium alloys. Figure 14(f) shows the oxide films on a sample section cut from an aluminum wheel casting produced by gravity pouring. Oxide films formed on this section could include the primary type, which originally existed in the melt, or the secondary type, generated from the breakage of the free surface during the filling of the gating system and/or mold cavity. All the above samples were ultrasonically treated at 46 kHz for 300 s using tap water. These samples confirmed that the presented ultrasonic-vibration treatment can indeed show the shape and size of oxide films on aluminum ingots and castings. In fact, the presented treatment was also applied to detect the oxide films on a 6061 wrought bar, Fig. 14(g) , as well as on magnesium ingots and castings, Figs. 15(a)-(d).
Conclusions
Cavitation bubbles formed in water due to inhomogeneous nucleation. Among the various liquids investigated, tap water generated the highest micro-jet impulse pressure. The acoustic pressure response was different at the water/ aluminum and water/oxide film boundaries. The cavitation bubbles collapsed generating micro-jet impacts at or near the oxide film surface. The micro-jet impacts could fracture the oxide film on the polished surface of sample; so particles became detached from the oxide film and the polished surface became eroded. The differently shaped foggy marks clearly showed on the surface of the treated sample. The presented ultrasonic-vibration treatment is an effective tool for clarifying the existence of an oxide film on aluminum and magnesium alloys, including ingots, wrought products or castings. 
